Background: To monitor adult mosquitoes several trapping devices are available. These are differently constructed and use various mechanisms for mosquito attraction, thus resulting in different trapping sensitivities and efficacies for the various species. Mosquito monitoring and surveillance programs in Europe use various types of mosquito traps, but only a few comparisons have been conducted so far. This study compared the performance of four commercial trapping devices, which are commonly used in Europe.
Background
Most mosquito monitoring and surveillance programs include the monitoring of adults using different types of trapping devices. Due to automatic trapping by aspiration, mosquito traps have the advantage of relative low costs for data collection in combination with a constant effort independent of the operator, resulting in comparable samples from different trapping sites. Therefore, adult traps are commonly used for the inventory of mosquito biodiversity [1] , surveillance of invasive mosquitoes at potential introduction sites [2] , monitoring of mosquitoborne pathogens [3] , or the reduction of mosquito nuisance [4] . However, in the course of increasing attention for mosquitoes due to the worldwide spread of invasive mosquitoes [5] [6] [7] and mosquito-borne pathogens [8] , also the number of commercially available traps increased, which are distributed as tools for scientific studies or for mosquito control [4, 9, 10] . These trapping devices use various cues for mosquito attraction (e.g. carbon dioxide, heat, water vapour, olfactory lures, or visual cues), which may influence trapping efficacies for the different genera or species [11] .
Previous studies on the comparison of mosquito traps were predominantly conducted in North and South America [12] [13] [14] . Many of these studies focused primarily on the effectiveness of the traps to catch invasive and/or highly vector-competent species (e.g. Aedes albopictus) [14, 15] . Due to the spread of invasive mosquitoes [16] and mosquito-borne pathogens (e.g. West Nile virus [17] ) in Europe, mosquito monitoring activities have substantially increased during recent years [2, 18] , but only a few studies have compared the efficacy of different mosquito traps for this region. The Mosquito Magnet Commercial Pro caught more mosquito individuals and a wider range of species than the Centres for Disease Control miniature light trap (CDC trap) in Great Britain [19] . In contrast, Reusken et al. [20] found that the CDC trap performed better than the Mosquito Magnet Liberty in the Netherlands. A limited study in Germany compared the Bidirectional Fay-Prince Trap, Biogents Sentinel (BG trap) and Mosquito Magnet Liberty, but did not find significant differences [21] . The most comprehensive comparison of mosquito traps was conducted in northern Italy with the experimental Biogents BG Eisenhans de Luxe, CDC trap and two mosquito traps for the reduction of mosquito nuisance (Acti Power Trap PV 440 and Acti Power Trap MT 250 Plus) [10] . For the collection of Aedes albopictus, a better trapping efficacy was found for the Biogents BG Eisenhans de Luxe compared to the other three trapping devices. Differences between the BG and CDC traps were reported only for Anopheles atroparvus during a trap comparison in Spanish wetlands [22] .
Previous nationwide monitoring programs of mosquito species in Europe used different trapping devices, e.g. Mosquito Magnet Liberty Plus in Switzerland [1] , the CDC trap and Mosquito Magnet counter-flow trap in Sweden [23] , Mosquito Magnet Liberty Plus in Belgium, Netherlands and Luxembourg [1, 24] , or Heavy Duty Encephalitis Vector Survey trap and BG traps in Germany [25] . However, a comprehensive comparison of trapping efficacies of these adult mosquito traps commonly used in Central Europe has not been conducted and the choice between the different trapping devices is based on expert judgment or studies from other regions [1] . Therefore, the present study aimed to compare four trapping devices for mosquito adults. Our objectives were (i) to compare the efficacies of traps concerning the variety of mosquito species and the overall number of mosquitoes, as well as (ii) to identify the most efficient trap for different biotopes.
Methods
Trap comparisons were conducted in the years 2012 and 2013 during 19 sampling periods in ten different locations in northern (3 locations) and southern Germany (7 locations) ( A 4 × 4 latin square experimental design was applied. At each location, all traps were placed approximately 50 m from each other at four different sampling points. Every 24 hours, all traps were rotated to the next position to reduce sampling point specific differences. One complete trapping cycle per latin square consisted of four 24-hour trapping periods. Mosquitoes were collected every 24 hours in the late afternoon, killed in a freezer and morphologically identified in the laboratory [27, 28] . Four morphologically very similar species were summarized as species pairs (Aedes cinereus/geminus, Ochlerotatus excrucians/annulipes, Ochlerotatus sticticus/diantaeus and Culex pipiens/torrentium), because a morphological differentiation is not possible or doubtful in cases where the material is in poor condition. In terms of the taxonomy of Aedini species, the generic names used here follow the system of Becker et al. [27, 28] and are not adopted from the revisions of Reinert et al. [29] .
Generalized linear mixed models (GLMM) were used to analyse the effect of different trapping devices on the number of caught individuals for all species/genera per trapping period, total number of individuals/species per trapping period and total number of caught individuals/ species per trapping period differentiated for aggregated biotopes. GLMMs allow dependent variables to be modelled while controlling for independent random variables (in this case the latin square number) to test the statistical significance of a fixed independent variable (type of trapping device). Mean and standard errors of differences in least squares means associated with a mixed linear model were calculated. Furthermore, Simpson's diversity index per trapping period was caculated to compare the recorded species diversity among the four trapping devices. Data preparation, visualization and statistical analyses were conducted with R [30] using Table 1 .
functions from the packages ggplot2 [31] , lm4 [32] , lmerTest [33] , plyr [34] , sp [35, 36] , and vegan [37] .
Results
A total of 83 trap comparisons were conducted. However, due to organisational and technical issues, nine trapping periods comprised only three different trapping devices (BG trap, CDC trap, and EVS trap), thus resulting in 323 24-hour sampling periods (83 × BG trap, 83 × CDC trap, 83 × EVS trap, 74 × MM trap).
During the study 24,094 mosquitoes were caught, belonging to 21 species or morphologically indistinguishable pairs of species (Table 2 ) and comprising 43% of the established 49 mosquito species in Germany ( Table 2 , Additional file 1) . All species known to be abundant in Germany and to occur in high density were detected (Table 2 ) [38] . Most abundant species were Aedes vexans (30.0%), Aedes cinereus/geminus (17.0%), Culex pipiens/ torrentium (12.2%), Ochlerotatus sticticus/diantaeus (9.9%) and Ochlerotatus cantans (9.7%). Culex hortensis, Culex territans, and Culiseta morsitans were only caught with one individual. Undetected species are predominantly classified as less common in Germany (Additional file 1). The BG trap showed the best performance for individuals of the genus Culex and the MM trap for the genus Anopheles ( Figure 2, Table 3 ). During the entire study the highest number of species was caught with the CDC trap followed by the BG trap, EVS trap, and MM trap, but the total number of species detected was quite similar between the four trapping devices (Figure 3) . However, the BG trap caught significantly more species per trapping period compared to CDC trap, EVS trap, and MM trap, while there were no significant differences between the latter three traps ( Figure 4 , Table 4 ). This was also supported by slightly higher species diversity indices for the BG trap ( Figure 5 ). Number and percentage of trapped individuals for the mosquito species caught with the four different trapping devices. Occurrence in Germany classified after Becker et al. [38] (occurrence: ++++ = massive; +++ = abundant; ++ = frequent; + = regularly; (+) = rare; − = not classified; *species complex includes Anopheles atroparvus, An. daciae, An. maculipennis, An. messeae). BG and CDC traps caught significantly more mosquitoes per trapping period compared to EVS and MM traps ( Figure 4 , Table 4 ). The four trapping devices differed in performance regarding their efficacy to trap individual mosquito species. The BG trap caught significantly more individuals of the species Oc. cantans, Ae. cinereus/geminus, Oc. communis, and Cx. pipiens/torrentium per trapping period. The CDC trap outcompeted the other devices by trapping significantly more Ae. vexans individuals per trapping period and the MM trap caught significantly more individuals of Oc. geniculatus per trapping period. In contrast, the EVS trap did not outperform for any species. The MM trap caught the smallest number of individuals of the species Cx. pipiens/torrentium and Oc. cantans per trapping period. Additionally, the CDC trap with light outcompeted the EVS trap without light for Aedes vexans and Ochlerotatus sticticus/diantaeus.
The four traps showed differences in their suitability for the three aggregated biotopes investigated. The BG trap caught significantly more individuals per trapping period in the urban environment as well as in wet forest ( Figure 6 , Table 5 ), while the CDC trap caught most individuals per trapping period in the floodplain. Moreover, the BG trap was most efficient for the trapping of the variety of mosquito species per trapping period in an urban environment ( Figure 7 , Table 6 ).
Discussion
Several commercial trapping devices for mosquitoes are available, which are used for nuisance reduction, mosquito monitoring, or surveillance. This study compared the performance of four aspiration traps in Germany (Biogents Sentinel trap (BG trap), Heavy Duty Encephalitis Vector Survey trap (EVS trap), Centres for Disease Control miniature light trap (CDC trap), and Mosquito Magnet Patriot Mosquito trap (MM trap)), which are commonly used in Central Europe. During the study period we found all mosquito species, which are known to be abundant in Germany. The four traps detected a Figure 4 Number of trapped individuals per species and the total number of individuals among the four trapping devices. Mean +/−SE number of trapped individuals per trapping period for each species and the total number of individuals and the mean +/−SE number of species among the four trapping devices. Only mosquito species caught with more than 100 individuals are shown and trapping periods were only included if the species was detected with at least one individual in the corresponding trapping period at the sampling location. similar number of species. However, the BG trap was found to trap the largest diversity of mosquito species per trapping period, while there were no differences between the other three traps. Additionally, the BG and CDC traps caught more mosquito individuals per trapping period than the EVS and MM traps. This matches a trap comparison from the Netherlands, which found the CDC trap catching more individuals than the MM trap [20] . In the same study, the CDC trap was found to catch more species than the MM trap, a result that is not supported by our study. Our results are also in contrast to a trap comparison from Great Britain, which identified the MM trap to catch more species and individuals than the CDC trap [19] .
Contrary to a Spanish study [22] , which did not find differences between CDC and BG traps in collecting Cx. pipiens, our study indicated that the BG trap caught significantly more Cx. pipiens/torrentium per trapping period compared to the other three trapping devices. Our findings are in agreement with results of Reusken et al. [20] , who showed a very low trapping efficacy of the MM trap for Cx. pipiens/torrentium, while Drago et al. [10] did not find significant differences between BG and CDC traps for these species. Furthermore, the BG trap outperformed the other three traps for the three floodwater species Oc. cantans, Ae. cinereus/geminus and Oc. communis. A high trapping efficacy of the BG trap for members of the genera Aedes and Ochlerotatus was supported by several studies [reviewed by 10]. The MM trap also had the lowest performance for Oc. cantans. The CDC and MM traps performed better than the other three traps for one particular species each. The CDC trap caught the highest number of Ae. vexans per trapping period, which matches the results of a study from the U.S. [39] , in which the CDC trap performed better than the BG trap. In contrast, another U.S. study did not find clear differences between the BG and CDC trap [14] . Our study showed that the MM trap caught the highest number of Oc. geniculatus, which is in agreement with a study from the U.K., in which the MM trap caught more individuals of this species compared to the CDC trap [19] .
The four trapping devices used in this study differ in constructions and mechanisms to lure and trap mosquitoes. Except for the addition of a dry ice bucket to the CDC trap, we used the traps according to the manufacturers' instructions and did not interfere with recommended trap configurations (e.g. with lure vs. without lure or different heights). However, changes of configurations might result in a different performance of the various traps.
Although the CO 2 -effusion rate from dry ice (CDC and EVS traps) is probably more temperature-dependent than from gas cylinders (BG trap), this probably does not have a strong impact on the trapping efficacy. The same probably applies to the amount of CO 2 and the type of CO 2 dispersal from small holes on the EVS dry ice bucket (EVS and CDC traps) or tubes (BG and MM traps) [13] , which should not cause profound differences between the traps. However, it is surprising that the CDC trap revealed significantly higher trapping efficacy for the species Ae. vexans and Oc. sticticus/diantaeus compared to the rather similar EVS trap. The trap cover of the CDC trap (33 cm in diameter) has a positive impact on the diffusion range of the CO 2 [40] , which may result in significant trapping differences for this very abundant species. Another explanation could be the secondary attractant of light, which is only used with the CDC trap. However, the study by Becker et al. [41] did not reveal a significant impact of light on the trapping efficacy of the CDC trap for Aedes.
The BG and MM traps use different chemical lures additional to carbon dioxide to increase their trapping efficacy by imitating the olfactory cues of potential hosts (e.g. octenol for ruminant breaths or lactic acid as component of sweat) [42] . Such lures can have significant influences on the trapping efficacy for particular mosquito species, but do not necessarily cause differences [21, 22, 42] . Only for An. plumbeus there was a a significantly better performance for the two lure-containing traps (BG and MM traps) compared to those without lure (CDC and EVS traps). However, with the exception of Oc. geniculatus, the BG trap performed similar or even better compared to the MM trap. Although the BG Lure used for the BG traps might explain the better performance for some of the species, it probably does not explain the differences for all of them, as there were no significant differences for the trapping of Cx. pipiens with and without BG Lure in a previous German study [21] .
We conducted our trap comparison at ten sampling locations distributed in northern and southern Germany, which were analysed as aggregated biotopes for floodplain, Figure 7 Number of species among the four trapping devices and aggregated biotopes. Mean +/−SE number of trapped species per trapping period among the four trapping devices and the three aggregated biotopes. urban and wet forest, respectively. According to its trapping performance for Culex species, we found the BG trap to be superior in an urban environment. The CDC trap was the most efficient trapping device for Aedes vexans and therefore should be the first choice for the floodplain environment and the BG trap showed an outstanding performance for some of the snow-melt mosquito species and therefore trapped most mosquito individuals in the wet forest.
Conclusion
This study compared four adult mosquito traps (BG trap, EVS trap, CDC trap, and MM trap) under different environmental conditions in Germany with a total of 323 24-hour sampling periods (83 × BG trap, 83 × CDC trap, 83 × EVS trap, 74 × MM trap) and the analysis of more than 24,000 mosquitoes from 21 species most common in Central Europe. The BG trap showed the best performance regarding the number of mosquitoes and the number of mosquito species per trapping period and outperformed the other three traps for the genus Culex and for four species (Oc. cantans, Ae. cinereus/ geminus, Oc. communis and Cx. pipiens/torrentium). The CDC trap was the most efficient trap for Ae. vexans and the MM trap for the genus Anopheles and the species Oc. geniculatus. The EVS trap did not show advantages for any species or genus compared to the other three traps. Additionally, the MM trap had a very low efficacy for Cx. pipiens/torrentium and Oc. cantans. According to its efficacy for the number of mosquitoes and the range of species at various environments, the BG trap is recommended as the general monitoring trapping device for common mosquito species in Central Europe, while the CDC trap is the best choice to trap large numbers of mosquitoes particularly in floodplain biotopes. 
